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SUMMARY 


A  new  piezoreslstant  gage  technique  was  developed  for  use  In  measuring  the 
stress  histories  produced  in  solid  targets  by  a  pulsed  laser.  This  technique  uses 
vapor-deposited  ytterbium  gages  encapsulated  in  a  gage  package  designed  to  record 
very  fast-rising  pulses.  The  package  was  designed  through  a  series  of  one- 
diraensional  calculations  that  Indicate  that  pulse  rise  times  of  about  10  ns  can  be 
measured.  In  addition,  two-dimensional  calculations  indicate  a  low  gage  sensitivity 
to  the  two-dimensional  effects  introduced  into  a  target  by  the  finite  laser  spot 
size. 

In  addition  to  the  stress  gage  package,  a  pendulum  was  developed  to  measure  the 
impulse  produced  by  pulsed  lasers.  This  device  used  a  beam  to  support  the  pendulum 
(see  Figure  8),  allowing  precise  positioning,  and  an  optical  scanner  to  measure 
pendulum  motion.  The  use  of  the  optical  scanner  allowed  the  measurement  of  the 
pendulum  velocity  over  short  distances  (about  0.2  mm)  so  that  the  impulse  could  be 
measured  without  the  effects  introduced  by  large  pendulum  displacements  and  long 
measurement  periods. 

Two  series  of  pressure  measurements  were  made  with  the  gage  package  to 
determine  the  coupling  of  pulsed  lasers  of  near  visible  wavelength  (primarily  to 
aluminum  targets):  one  series  was  performed  in  air  and  the  other  in  a  vacuum.  In 
the  first  series  of  experiments,  a  neodymium-glass  (1.06  -po-wavelength)  laser  wa9 
used  with  a  nominal  pulse  duration  of  30  ns  and  spot  sizes  of  1  and  2  cm  diameter. 

In  this  experiment  series,  the  targets  were  in  air  at  near  standard  atmospheric 
conditions  and  the  coupling  was  primarily  through  air  plasmas  that  were  ignited  on 
t’:*  •rg'-t  surface.  In  some  of  the  experiments  the  impulse  was  measured  using  the 
pendulum. 

Fourteen  pressure  histories  were  obtained  in  the  in-air  coupling  experiments. 
Peak  pressures  measured  in  these  experiments  were  consistently  lower  than  those 
measured  In  previous  experiments,  albeit  under  different  conditions.  These  lower 
peak  pressures  are  apparently  due  to  the  formation  of  "superdetonation"  waves 
Instead  of  the  normal  laser  supported  detonation  (LSD)  waves.  This  conclusion  Is 
further  supported  by  plasma  velocity  measurements  that  show  higher  velocities  than 
LSD  wave  velocities. 

The  Impulse  wa9  measured  during  the  in-air  coupling  experiments  using  pendulums 
of  different  diameters.  Total  Impulse  data  from  these  experiments  are  consistent 


ill 


with  the  Integral  of  the  pre9sure-time  history  data  but  indicate  that  about  40%  of 
the  impulse  measured  by  the  pendulum  may  be  due  to  late-time  effects.  This  late¬ 
time  impulse  occurs  too  late  to  affect  structural  response.  Thus,  using  the  impulse 
data  obtained  from  pendulum  measurements  vlll  tend  to  overestimate  target 
response.  We  recommend  that  impulse  data  be  supplemented  by  pressure-time  histories 
whenever  possible. 

The  second  series  of  pressure  measurements  was  performed  in  a  vacuum  using  an 
XeF  laser  of  approximately  3.5  pm  wavelength  with  a  nominal  pulse  duration  of 
1.5  ps  and  spot  sizes  of  8  mm  and  12.4  mm  diameter.  Seven  pressure-time  histories 
were  obtained  in  this  experiment  series. 

Pressure-time  histories  measured  in  the  in-vacuura  coupling  experiments  showed 
the  characteristics  of  coupling  through  direct  target  vaporization.  The  pressure¬ 
time  histories  had  the  shape  of  the  laser  pulse  with  a  rapid  pressure  decay  after 
the  laser  pulse  was  completed.  Plots  of  peak  pressure  as  a  function  of  flux  and 
Impulse  intensity  a9  a  function  of  pulse  energy  showed  a  great  deal  of  scatter  in 
these  experiments.  However,  both  peak  pressure  and  impulse  intensity  increased 
rapidly  with  increasing  laser  pulse  flux  and  energy  indicating  a  strong  sensitivity 
to  these  parameters  over  their  range  in  these  experiments.  Coupling  coefficients 
measured  in  these  experiments  ranged  from  0.25  to  1.5  dyne-s/J. 
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SECTION  1 


INTRODUCTION 

A  key  problem  In  the  assessment  of  pulsed  laser  weapon  ef fecciveness  Is  the 
determination  of  the  surface  pressure  loads  produced  on  the  target  by  the  laser. 

Both  impulse  intensity  and  peak  pressure  if feet  target  damage.  In  addition,  scaling 
small-scale  laboratory  experiments  to  full-scale  scenarios  requires  a  good  under¬ 
standing  of  the  coupling  phenomena.  The  measurements  reported  here  were  performed 
to  better  define  the  mechanical  coupling  parameters  of  pulsed  lasers  and,  in 
particular,  the  history  of  surface  pressure  produced  by  laser-target  interaction. 

Two  sets  of  experiments  were  performed  in  laser  facilities  at  Battelle  Memorial 
Institute  in  Columbus,  Ohio,  and  at  Avco  Everett  Research  Laboratory  in  Everett, 
Massachusetts.  The  objective  of  the  Battelle  experiments  was  to  determine  the 
pressure-time  history  for  target  interactions  in  air  when  coupling  is  through  an  air 
plasma  or  laser-supported  detonation  (LSD).  A  further  objective  of  the  Battelle 
experiments  was  to  refine  our  understanding  of  this  interaction  process  at  late 
times  as  the  pressure  in  t1"!  laser  plasma  decays.  This  experiment  series  also 
included  direct  raeasureme,-  or  impulse.  The  objective  of  the  Avco  experiments  was 
to  measure  pressure-time  histories  produced  when  the  target  is  in  a  vacuum. 

In  the  following  sections  we  first  describe  the  design  of  the  plezoresistant 
gages  used  in  the  pressure  measurements.  In  discussing  the  gage  package  design,  we 
examine  the  requirements  placed  on  the  pressure  measurement  by  the  need  to  predict 
structural  response.  Section  3  describes  the  experiments  and  results  of  the  in-air 
laser  coupling  experiments  (Battelle  experiment  series),  and  Section  A  describes  the 
in-vacuum  laser  coupling  experiments  and  results  (AVCO  experiment  series). 
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SECTION  2 


GAGE  PACKAGE  DESIGN 


2.1  MEASUREMENT  REQUIREMENTS  . 

The  characteristics  of  the  surface  pressure  history  produced  by  a  pulse  laser 
depend  on  the  laser  pulse  shape  and  spot  size  and  whether  the  target  is  in  air  or  in 
a  vacuum.  For  interactions  in  air  in  which  the  laser  flux  is  sufficient  to  ignite 
an  air  plasma,  the  surface  pressure  is  usually  characterized  by  a  step  increase  in 
pressure  followed  by  an  exponential  decay  as  the  air  plasma  decays.  The  rise  time 
of  the  pressure  pulse  is  potentially  on  the  order  of  the  time  required  for  the 
breakdown  process  to  occuir  (perhaps  100  ns)^.  Thus,  the  temporal  resolution  of  the 
gage  should  be  on  the  same  order  or  better,  if  possible.  In  practice,  however,  the 
spatial  variation  in  plasma  formation  becomes  important,  and  actual  pressure  rise 
times  measured  over  a  large  area  may  appear  much  longer  because  of  spatial 
variations  in  pressure. 

The  decay  process  for  laser  target  Interaction  in  air  can  last  many  laser  pulse 
durations,  so  the  total  Impulse  on  the  target  may  be  produced  over  a  long  period  of 
time.  However,  the  impulse  delivered  within  the  target's  response  time  (that  is, 
the  prompt  impulse)  determines  structural  response.  The  time  window  of  interest  for 
laboratory-scale  experiments  can  be  estimated  by  scaling  the  response  of  full-scale 
targets  and  using  the  scaling  laws  for  structures.^  For  example,  for  large 
aerospace  structures  with  a  diameter  of  about  3  m,  the  structural  response  modes  of 
pulse  buckling  or  denting  are  completed  in  less  than  10  ms.  Assuming  a  full-scale 
laser  spot  diameter  of  1.5  m  and  a  laboratory-scale  spot  size  of  1  cm,  the  labora¬ 
tory  experiment  is  1/1500  scale.  In  these  experiments,  time  scales  as  the  scale 
factor  ,  so  the  characteristic  structural  response  time  for  the  laboratory 
experiment  is 


10  ms/1500  •  7  ps 

In  a  laboratory-scale  experiment  with  a  pressure  history  characterized  by  an 
exponential  decay,  the  pressure  at  times  after  7  ps  would  have  no  further  effect  on 
structural  response  and  need  not  be  measured  accurately  to  estimate  target  damage. 
In  the  pressure  measurements  reported  In  Section  3,  we  usually  measured  pressure 
over  time  windows  of  10  ps  .  Ve  also  independently  measured  total  impulse  during 
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the  in-air  coupling  experiments  for  comparison  with  the  prompt  impulse  measured  by 
the  gage  package. 

The  measurement  requirements  for  the  in-vacuum  experiments  are  similar  to  those 
for  the  in-air  experiments.  However,  the  surface  pressure  decays  rapidly  after 
termination  of  the  laser  pulse  and  the  time  window  of  interest  is  approximately 
equal  to  the  laser  pulse  duration.  In  the  experiments  reported  in  Section  IV,  the 
recording  time  of  the  gage  package  was  about  three  times  the  laser  pulse  duration. 

Vapor-deposited  ytterbium  piezoresistant  gages  were  used  in  all  the 
experiments.  This  gage  technique  is  based  on  the  change  in  resistivity  of  ytterbium 
with  stress  although  changes  in  gage  shape  (strain)  also  change  the  gage  resist¬ 
ance.  The  gages  were  imbedded  in  the  laser  target  rather  than  placed  on  the  surface 
to  protect  the  gages  from  the  laser  plasma.  Thus,  they  sense  the  stress  in  the 
target  ratner  than  surface  pressure.  In  order  to  highlight  this  distinction,  all 
records  reported  here  give  stress  as  the  ordinate  rather  than  pressure.  Design  of 
the  laser  target  or  "gage  package"  determines  the  relationship  between  surface 
pressure  and  gage  response  and  it  will  be  shown  that  the  stress  component  normal  to 
the  gage  in  our  present  design  is  nearly  identical  to  the  surface  pressure  above  the 
gage.  We  therefore  extract  peek  surface  pressures  and  impulse  intensities  from  the 
stress  records  directly  without  further  correction. 

2.2  UNIAXIAL-STRAIN  GAGE  PACKAGE  RESPONSE. 

The  gage  packages  used  in  these  experiments  were  constructed  in  layers  to 
facilitate  gage  placement  under  the  target  surface.  The  first  layer  (cover  plate) 
of  the  target  wa9  usually  aluminum  (th'-  target  material  in  the  experiments). 
Subsequent  layers  were  an  electrically  in9ulatir~  material  that  protected  the  gage 
and  a  backing  plate.  Three  gage  package  designs  tare  examined  to  determine  which 
arrangement  of  target  plate,  gage  insulating  layer,  and  backing  plate  produced  the 
best  gage  temporal  response.  The  candidate  des'gns  are  shewn  in  cross  section  in 
Figure  1.  Figure  1(a)  shows  a  gage  package  m-  *■»  with  a  gage  backing  plate  with  a 
mechanical  Impedance  lower  than  that  of  aluminum  and  encapsulated  carbon  gages 
(low-impedance  package). 


* 


Mechanical  impedance  Is  the  product 


of  sound  soeed  and  density. 
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0.127  mm — «-|  p»  ■  0.762  mm  »|  p— 0.0508  mm 

(a)  Low  impedance  package  with  encapsulated  carbon  gages 


1—0.381  mm— j  |—  0.0508  mm 
(b)  High  impedance  package  with  encapsulated  carbon  gages 


Fused 

Silica" 

A£ 

— 

_ _ Gage 

Fused  Silica 

■—  Epon  924 

0.127  mm — -] 

— 

|* — 0.013  mm 
—  0.127  mm 

(c)  High  impedance  package  with  direct-deposited  ytterbium  gages 

JA-4 539-1 2A 

Figure  1 .  Cross  sections  of  alternative  gage  package  designs. 
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Figures  1(b)  and  1(c)  show  gage  packages  made  with  backing  plates  with  a 
mechanical  impedance  nearly  equal  to  that  of  aluminum.  The  package  in  Figure  1(b) 
uses  encapsulated  carbon  gages  that  provide  a  thick  low-impedance  gage  insulating 
layer,  and  the  package  shown  in  Figure  1(c)  uses  direct-deposited  gages  that  provide 
a  very  thin  gage  insulating  layer.  In  the  low-impedance  carbon  gaged  package  [Fig¬ 
ure  1(a)],  the  gage  is  encapsulated  in  Kapton  in  a  PMMA  substrate  and  placed  under 
the  aluminum  cover  plate.  Because  TOMA  has  a  much  lower  mechanical  impedance  than 
aluminum,  the  interface  between  the  aluminum  and  PMMA  layers  changes  the  magnitude 
of  waves  transmitted  from  the  surface  to  the  gage  layer  (right-traveling  waves)  and 
also  generates  reflected  waves  that  travel  back  to  the  target  surface  (left-travel¬ 
ing  waves).  A  series  of  reflections  between  the  surface  and  the  gage  plane  is 
required  to  equilibrate  the  stress  at  the  surface  and  the  gage  plane.  In  the  high- 
impedance  carbon  gage  package  [Figure  1(b)],  the  gage  is  again  encapsulated  in 
Kapton,  but  the  Kapton  layer  is  placed  directly  between  the  aluminum  cover  plate  and 
a  fused-silica  backing  place.  The  aluminum  and  fused  silica  have  similar  impedances 
in  contrast  to  the  low-impedance  Kapton;  thus,  a  significant  impedance  mismatch 
results  at  the  interfaces  at  the  gage  insulating  layer.  Several  wave  reflections  in 
the  insulating  layer  are  required  to  bring  it  to  the  same  stress  as  the  surrounding 
material.  Note  that  these  first  two  gage  package  designs  can  be  made  with  either 
commercially  available  encapsulated  carbon  gages  or  specially  fabricated  vapor- 
deposited  ytterbium  gages. 

In  the  third  gage  package,  ytterbium  gages  are  vapor-deposited  directly  onto  a 
fused-silica  backing  plate,  and  a  fused-silica  insulator  is  bonded  directly  over  the 
gages  using  a  very  thin  epoxy  layer  [Figure  1(c)].  In  this  design,  the  gage  layer 
(Epon  924  epoxy)  again  has  a  low  Impedance,  but  the  effect  of  the  impedance  mismatch 
is  minimized  because  the  epoxy  Layer  is  very  thin. 

The  response  of  the  gage  packages  in  uniaxial  strain  was  estimated  using  the 
SRIPUFF8  computer  code.  For  the  calculation,  an  Idealized  surface  pressure  history 
was  chosen  to  represent  the  laser  generated  pulse.  The  response  to  this  input  pulse 
was  calculated  for  each  gage  package  with  SRIPUFF8  for  uniaxial  strain.  Table  1 
lists  the  material  properties  used  in  the  calculations.  Figure  2  shows  the  calcu¬ 
lated  stress  at  the  gage  plane  for  each  gage  design  as  well  as  the  input  pulse  used 
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Table  1.  Material  properties  used  in  calculations 
of  response  of  different  gage  packages. 


Material 

Bulk  Modulus 
(MPa) 

Shear  Modulus 
(MPa) 

Density 

(g/cm) 

6061-T6 

Aluminum 

6.67  x  104 

2.67  x  104 

2.7 

Fused  silica 

3.665  x  104 

3.10  x  104 

2.2 

Kapton/epoxy 

8.43  x  103 

3.0  x  103 

1.2 

PMMA 

6.68  x  103 

1.07  x  103 

1.18 

o 
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TIME  (/is) 

(a)  Low  impedance  package  with  encapsulated  gages 


(b)  High  impedance  package  with  encapsulated  gages 


TIME  (ms) 

(c)  High  impedance  package  with  direct-deposited  gages 

JA-4S30-6* 

Figure  2.  Calculated  gage  package  response 
in  uniaxial  strain. 
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in  the  calculation.  For  easier  comparison,  the  input  surface  pressure  has  been 
offset  in  time  by  the  transit  time  from  the  surface  to  the  gage. 

Figure  2  shows  the  influence  of  Impedance  mismatches  in  the  gage  package.  The 
low-impedance  gage  package  is  sluggish  at  early  times  and  overresponds  at  late  times 
because  the  aluminum  layer  acts  with  the  TOMA  backing  plate  as  a  mass-spring 
system.  However,  because  the  layers  under  the  aluminum  plate  have  a  nearly  uniform 
impedance,  there  are  no  high-frequency  oscillations  in  stress  at  the  gage  plane. 

In  response  to  the  same  input  surface  pressure  history,  the  high-impedance 
package  with  the  thick  low-impedance  gage  plane  [Figure  2(b)]  exhibits  a  distinct 
oscillation  in  response  to  the  rapid  rise  in  surface  pressure  at  the  beginning  of 
the  pressure  pulse.  This  is  caused  by  wave  reflections  that  originate  in  the  low- 
impedance  insulating  layers. 

The  high-impedance  package  with  the  thin  gage  insulating  layer  [Figure  2(c)] 
follows  the  surface  pressure  more  closely.  The  stress  at  the  gage  plane  shows  some 
oscillations  because  of  the  low-impedance  gage  layer,  but  these  are  of  shorter 
duration  and  less  amplitude  than  those  for  the  high- impedance  package.  In  practice, 
these  short  spikes  are  usually  attenuated  by  the  spatial  averaging  of  the  gage  and 
by  dispersion. 

Because  a  very  fast  gage  response  was  required  for  the  experiments,  we  chose 
the  third  gage  package  design  and  used  direct-deposited  gages  on  a  fused  silica 
backing  plate.  The  gages  were  prepared  by  vapor  depositing  ytterbium  through  a 
mask.  Figure  3  shows  three  of  the  gages  before  the  aluminum  cover  plate  was 
attached. 

Two  gage  grid  designs  were  used  in  the  current  experiments.  The  first  grid 
design  was  8  on  square  and  Is  shown  in  Figure  3.  The  12  legs  of  the  grid  are  0.3  mm 
wide  by  8  m  long.  This  design  was  used  only  for  gage  development.  The  second  grid 
d'.slgn  was  3.9  mm  by  3.3  m  overall  with  five  legs  0.3  tra  wide  by  3.9  torn  long.  This 
design  was  used  In  all  the  experiments.  Gages  of  both  types  were  made  with  a 
nominal  gage  resistance  of  SO  ohm  by  varying  the  ytterbiua  thickness.  The  nominal 
thickness  of  the  ytterbiua  was  300/na  for  the  3.9  ob  x  3.3  on  gages. 

2.  3  TWO-DIMENSIONAL  GAGE  PACKAGE  RESPONSE. 

Impedance  variations  in  the  layers  of  the  gage  package  give  rise  to  errors  in 
gage  response  In  uniaxial  strain.  A  second  source  of  error  arises  from  the  spatial 
variation  in  pressure  on  the  gage  package  surface  due  to  the  finite  sice  of  the 
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Figure  3. 


Vapor-deposited  ytterbium  gages  on  fused-silica 
backing  plate. 


laser  spot*  As  the  gage  package  responds,  these  spatial  variations  in  surface 
pressure  cause  a  departure  from  the  uniaxial  strain  state.  Because  the  piezo- 
resistant  gages  may  respond  to  the  additional  components  of  stress  and  strain,  large 
errors  in  gage  response  can  result. 

To  estimate  the  importance  of  this  effect,  we  analyzed  the  response  of  the  gage 
package  using  the  TROTT  two-dimensional  finite  difference  code.  For  the  low 
stresses  in  the  experiments,  plastic  deformation  of  the  gage  and  surrounding 
material  does  not  occur  and  response  is  linear  and  elastic.  The  calculation  was 
performed  on  a  loaded  half-space  assuming  asmuthal  symmetry  and  using  a  surface 
loading  approximating  that  produced  by  a  pulsed  laser.  The  spatial  and  temporal 
variation  of  the  loading  is  given  in  Figure  4.  Also  indicated  in  the  figure  is  the 
two-dimensional  nature  of  the  gage  displacements  and  strains. 

Figure  5  shows  the  strain  history  predicted  in  the  two-dimensional  calcula¬ 
tions.  In  Figure  5(a)  the  predicted  axial  strain  (solid  line)  is  compared  with  the 
surface  pressure  divided  by  the  axial  compressibility  (dotted  line).  As  expected, 
the  two  curves  are  similar  at  early  times,  but  deviate  at  times  greater  than 
3  ps  because  of  edge  effects.  The  arrival  of  waves  from  the  edge  of  the  laser  spot 
is  also  evident  in  the  radial  strain,  Figure  5(b),  whereas  shear  strains  remain 
small  at  all  times.  Figure  5(c). 

The  effect  of  the  deviation  from  uniaxial  strain  wa9  estimated  by  measuring  the 
gage  package  sensitivity  to  normal  strains  (the  shear  strains  were  assumed 
negligible).  Because  the  gage  response  is  linear  and  elastic,  the  resistance  change 
of  the  gage  is  uniquely  determined  by  the  local  state  of  strain  in  the  gage 
package.  Therefore 


AR/R  -  k  et.  (1) 

where  R  is  gage  resistance,  e^j  are  the  strain  components,  and  are  constants  to 
be  determined.  The  planes  indicted  by  the  strain  state  are  aligned  with  the  gage 
package  as  shown  in  Figure  6. 

Neglecting  shear  strains,  the  only  significant  coefficients  are  Rjj,  K22,  and 
R33.  These  coefficients  ver’-  measured  in  static  tests  in  which  sample  gages  were 
subjected  to  hydrostatic  loading  and  uniaxial  strain  in  the  gage  plane  (directions  l 
and  2).  The  results  of  the  measurements  are  as  follows: 

Ku  -  -3.4  K22  -  -5.2  K33  -  -27.7 


IQ 


p0(r)  =  P0:  o<  r<  1  cm 


(a)  Spatial  Distribution  of  Pressure  and  Gage 
Package  Deformation 


(b)  Relative  Pressure  History  at  any  Location 

JA-4539-66A 

Figure  4.  Surface  load  used  in  two-dimensional  response  calculation. 
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Figure  5.  Calculated  state  of  strain  at  target  center. 
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(b)  Radial  Strain 
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(a)  Axial  Strain 
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Figure  6.  Gage  orientation  for  equation  ( 1 ), 


13 


Substituting  these  values  into  Fquation  (1)  and  using  the  strains  shown  at  5  ps  in 
Figure  5  give  a  change  in  resistance  corresponding  to  a  stress  of  -0.6  MPa  in  uni¬ 
axial  strain,  whereas  the  actual  surface  pressure  at  this  time  was  about  +0.2  MPa. 
Thus,  we  expect  that  at  late  times  gage  measurements  will  be  in  error  by  about  -0.8 
MPa. 


2.4  GAGE  PACKAGE  CONSTRUCTION. 

In  the  tests,  one  gage  package  configuration  was  used  for  the  in-air  experi¬ 
ments  and  another  for  the  in-vacuum  experiments.  For  the  in-air  experiments,  three 
gages  were  embedded  in  100-mm-diameter  fused-silica  blanks.  These  blanks  were 
constructed  by  first  depositing  the  gages  on  the  blanks  shown  in  Figure  3.  A  1-mm- 
thick  plate  of  fused  silica  was  bonded  over  the  gages  and  then  ground  to  a  thickness 
of  0.075  mm.  An  aluminum  cover  disk  was  then  attached  to  the  gage  package  for  each 
shot  by  covering  the  package  with  grease  and  then  rolling  on  the  cover  disk  with  a 
small  plastic  roller.  By  measuring  the  thickness  of  the  gage  package  before  and 
after  adding  the  cover  disk,  we  estimated  the  thickness  of  the  grease  layer  to  be 
less  than  0.005  mm.  This  very  thin  layer  of  grease  did  not  affect  the  pressure 
history  uoticably. 

In  the  in-vacuum  experiments,  we  were  concerned  that  the  use  of  an  oil  or 
grease  layer  would  not  guarantee  that  the  aluminum  cover  disk  would  stay  on  the  gage 
package  as  the  test  chamber  wan  evacuated.  To  avoid  using  the  grease  layer,  we 
developed  a  second  gage  package  design  in  which  the  aluminum  cover  disk  was  bonded 
to  the  fused  silica  with  epoxy.  Because  this  gage  package  could  be  used  only  for 
cne  shot,  the  gage  package  diameter  was  reduced  to  38  nan  and  only  one  or  two  gages 
were  built  into  each  package.  This  second  gage  package  design  was  used  in  all  the 
in-vacuum  experiments. 

A  special  power  supply  that  could  be  incorporated  into  the  gage  package  was 
built  for  these  experiments.  In  an  effort  to  minimize  the  electrical  Interference 
from  the  laser,  the  power  supply  was  battery  powered.  This  arrangemenc  eliminated 
dependence  on  exterior  power  which  is  often  subject  to  noise,  and  also  provided 
integral  shielding.  Figure  7  is  a  photograph  of  the  power  supply/gage  package 
showing  the  replaceable  gage  package  (target)  section. 
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Figure  7.  Gage  package  with  integral  power  supply. 
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2.5  IMPULSE  MEASUREMENTS. 


Total  Impulse  was  measured  directly  in  some  of  the  in-air  experiments  using  the 
instrument  shown  in  Figure  8.  In  this  measurement,  a  heavy  mass  (pendulum  bob)  is 
mounted  on  a  thin  titanium  beam.  The  mass  of  the  beam  is  small  compared  with  that 
of  the  pendulum  bob  (the  correction  for  the  beam  mass  is  included  in  the  pendulum 
calculation).  The  use  of  the  beam  to  support  the  pendulum  allows  for  precise  align¬ 
ment  of  the  pendulum  in  the  target  plate,  which  minimizes  leakage  of  the  plasma  past 
the  pendulum.  A  radial  clearance  of  0.05  mm  was  maintained  in  all  experiments.  The 
displacement  history  of  the  pendulum  is  measured  with  a  fiber  optic  scanner,  which 
transmits  light  to  the  back  of  the  pendulum  and  then  intercepts  the  reflected 
light.  The  scanner  was  mounted  onto  a  micrometer  head  for  calibration.  The  error 
in  the  total  measurement  of  the  momentum  of  the  pendulum  with  this  system  is  esti¬ 
mated  to  be  less  than  ±5%. 

Pendulum  diameters  were  varied  as  was  spot  size  in  the  experiments  so  that  the 
impulse  contributions  from  inside  and  outside  the  laser  spot  could  be  estimated. 
Pendulum  diameters  of  1,  2,  3,  and  6  cm  were  used  in  the  Battelle  experiments. 

Laser  spot  diameters  were  1  cm  and  2  cm. 
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Figure  8.  Pendulum  used  for  impulse  measurements. 
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SECTION  3 


IN-AIR  COUPLING  EXPERIMENTS 

The  in-air  experiments  were  performed  at  the  Battelle  Memorial  Institute 
Columbus  Laboratories.  In  these  experiments  Battelle  used  a  neodymium-glass  laser 
(1.06-p  wavelength)  with  a  pulse  energy  ranging  from  100  to  1000  J  and  a  nominal 
pulse  width  of  30  ns  (full  width  at  half  maximum).  The  experiments  were  performed 
with  spot  diameters  of  1  or  2  cm. 

The  configuration  of  the  Battelle  laser  uses  four  beams  individually  focused 
onto  a  single  spot.  The  total  energy  incident  on  the  target  in  each  shot  was 
determined  by  splitting  a  known  fraction  of  the  beam  into  a  calorimeter.  The 
temporal  variation  in  flux  was  measured  in  each  experiment  by  passing  the  beams 
through  a  beam  splitter  and  measuring  the  fraction  of  the  split  beam  with  a  photo¬ 
diode.  Figure  9  shows  a  typical  photodiode  record.  Variations  from  shot  to  shot 
were  minor. 

The  spatial  variation  in  fluence  was  measured  by  Battelle  with  a  film  exposure 
technique.  Light-sensitive  film  is  exposed  at  a  low  fluence  and  scanned  with  an 
optical  densitometer.  Figure  10  shows  horizontal  and  vertical  scans  for  a  1-cm- 
diameter  spot.  It  is  assumed  that  the  spatial  and  temporal  distributions  of  fluence 
and  flux  are  independent  and  vary  proportionally  with  total  pulse  energy. 

The  measured  spatial  and  temporal  variations  in  flux  and  fluence  determine  the 
peak  flux  in  the  laser  spot.  The  peak  flux  was  found  by  dividing  the  total  pulse 
energy  by  the  area  under  the  relative  flux  and  fluence  curves  shown  in  Figures  9  and 
10.  This  gives  the  peak  flux  as  a  function  of  pulse  energy  (E) 

F  -  2.7  x  107  ^2.  x  E 


for  a  1-cm-diameter  spot  and 


F 


6.7  x  10 


6  W/crn 


x  E 


for  a  2-cm-diameter  spot. 

The  average  flux  over  the  nominal  pulse  width  of  30  ns  (full  width  half 

maximum)  is  found  by  assuming  a  rectangular  pulse  with  uniform  fluence  over  the 

laser  spot.  In  this  case  2 

P  ®  4  2  x  IQ7  cm  ^  g 
J 
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Relative  Flue  nee 


for  a  1-cm-diameter  spot.  This  larger  value  results  because  much  of  the  laser 
energy  Is  delivered  over  times  much  greater  than  30  ns. 

The  laser  coupling  experiments  at  Battelle  consisted  of  both  pressure  and 
impulse  measurements*.  Fourteen  pressure  histories  were  recorded  (although  more 
were  attempted).  All  the  pressure  measurements  were  made  at  a  spot  diameter  of  1 
cm.  Twenty-seven  impulse  measurements  were  made  at  spot  diameters  of  1,  2,  3,  and 
6  cm.  Most  of  the  impulse  data  were  taken  at  pendulum  diameters  of  1  and  2  cm.  The 
pressure  and  impulse  data  are  summarized  in  Tables  2  and  3,  respectively. 

3.1  PRESSURE  MEASUREMENTS. 

Examples  of  pressure  records  taken  at  a  1-cm  spot  diameter  (D)  are  shown  in 
Figures  11  and  12.  Figure  11  shows  two  pressure  records  taken  under  similar  pulse 
energies  and  observed  for  relatively  long  times  (5  ps,  or  more  than  100  laser  pulse 
widths).  Both  pressure  records  show  similar  behavior  although  they  do  not  return  to 
the  baseline  in  the  same  way.  The  differences  in  late-time  behavior  are  due  to 
baseline  drift  caused  by  gage  heating.  As  a  consequence  of  this  drift,  there  is  an 
uncertainty  in  late-time  pressures  of  ±0.2  MPa  (±  2  bar).  The  dip  in  indicated 
pressure  between  2  and  3  ps  is  due  to  the  three-dimensional  stress  effects  on  the 
gage  that  were  discussed  in  the  previous  section.  From  the  pressure  records  shown 
in  Figure  11,  we  tentatively  conclude  that  there  is  little  surface  overpressure 
after  5  ps  and  consequently  little  Impulse  accumulated  after  this  time. 

The  four  stress  records  shown  in  Figure  12  illustrate  the  variation  in  surface 
pressure  with  changing  pulse  energy.  Each  record  has  the  same  overall  shape,  but 
details  in  shape  vary  from  shot  to  shot.  From  these  data  and  shot-to-shot 
variations  in  the  pressure  records  obtained  at  the  same  laser  energy,  the  slight 
differences  in  these  stress  pressure  records  are  probably  due  to  variations  in  the 
mounting  of  the  aluminum  cover  disk  on  the  target  surface.  Although  It  fa  not  clear 
at  the  time-scales  shown,  the  rise  time  of  the  measured  pressure  pulse  in  some  shots 
was  between  30  and  40  ns.  Of  course,  the  actual  rise  time  of  the  surface  pressure 


As  mentioned  earlier,  gage  stress  measurements  are  referred  as 
“pressure  histories,"  but  are  actually  measurements  of  the  gage  response 
just  below  the  target  surface. 
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Table  2.  Summary  of  in-air  pressure  data  obtained 
at  1  atm  ambient  pressure  with  a  laser 
spot  diameter  (D)  of  1  cm. 


Shot 

Target 

Energy 

(J) 

Peak 

Pressure 

(MPa) 

Impulse 

Intensity®. 

(Pa-s)® 

Impulse 

(dyne-s) 

(jls) 

Peak 

Flux 

(109  W/cmZ) 

6128 

At 

203 

93 

54 

420 

2 

5.5 

6129 

At 

197 

89.5 

47 

370 

5 

5.3 

6130 

AX 

197 

102 

53 

420 

2 

5.3 

6131 

AJt 

197 

102 

53 

420 

2 

5.3 

6134 

AX 

472 

186 

89 

700 

2 

12.7 

6136 

At 

91 

61 

32 

250 

2 

2.5 

6137 

At 

91 

61 

32 

250 

2 

2.5 

6139 

At 

200 

100 

53 

420 

2 

5.4 

6140 

At 

200 

88 

40 

310 

2 

5.4 

6141 

At 

353 

148 

71 

560 

2 

9.5 

6145 

C 

93 

58 

23 

180 

2 

2.5 

6146 

C 

71 

190 

97 

760 

5 

2.5 

6147 

At 

900 

210 

105 

820 

2 

24.3 

6148 

At 

879 

240 

161 

1300 

5 

23.7 

*  Integral  of 

pressure 

history  from  0  to  t^ 

times  spot 

area 

(0.785  cm2) 

k  l  Pa-s  «  10  dyne-9 /ca^  -  10  taps. 
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Table  3.  Summary  of  in-air  impulse  data  obtained 
at  1  atm  ambient  pressure. 


Shot  Target 


Energy 

(J) 


Spot  Pend . 

Diameter  Diameter  Impulse 

(cm) _ (cm) _ (dyne-s) 


6113 

Al 

771 

1 

1 

1280 

6114 

AX 

776 

1 

1 

1310 

6115 

AX 

843 

1 

1 

1120 

6150 

AX 

846 

1 

1 

1120 

6151 

AX 

812 

1 

1 

1050 

6152 

C 

780 

1 

1 

1020 

6118/08 

AX 

703 

1 

2 

2548 

6119/09 

AX 

744 

1 

2 

2717 

6120/10 

AX 

637 

1 
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Figure  1 1 .  Stress  histories  showing  late-time  response. 
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Figure  12.  Stress-time  histories  recorded  at  different  laser  energies. 
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may  be  faster  because  the  measured  rise  time  is  influenced  by  the  layers  in  the  gage 
package  and  any  lack  of  simultaneity  at  the  gage  plane. 

The  peak  surface  pressures  measured  in  these  experiments  are  plotted  as  a 
function  of  the  peak  flux  in  Figure  13.  These  data  show  the  general  trend  expected 
from  current  theories  for  laser-supported  detonation  (LSD)  waves;  that  is,  the  peak 
pressure  varies  as  the  flux  to  the  2/3  power.  However,  the  magnitude  of  the  peak 
pressure  is  significantly  below  that  predicted  by  the  simple  formulas  derived  in 
References  3-5.  For  comparison,  a  similar  plot  based  on  past  data  taken  under 
different  conditions  (Reference  6)  is  also  shown  in  Figure  13.  The  past  data  and 
analysis  show  significantly  higher  peak  pressures.  This  difference  has  been 
attributed  to  the  production  of  superdetonation  (radiation-driven)  absorption  waves, 
and  incorporation  of  a  superdetonation  model  has  given  good  agreement  with  the  data 
(Reference  7).  Additional  support  of  the  superdetonation  hypothesis  was  the 
observation  of  higher- than-expec ted  absorption  wave  velocities  in  other  experiments 
performed  during  the  test  series  at  Battelle  (Reference  7) . 

3.2  IMPULSE  MEASUREMENTS. 

The  impulse  data  obtained  using  the  1-  and  2-cm  pendulums  are  plotted  in  Figure 
14.  These  data  show  a  strong  dependence  on  pendulum  diameter  due  to  che  effects  of 
the  blast  wave  produced  by  the  laser  plasma.  Note  that  in  two  of  the  experiments,  a 
graphite  target  was  substituted  for  the  aluminum  target.  This  material  substitution 
did  not  change  the  impulse. 

The  pendulum  data  can  be  compared  with  the  impulse  calculated  by  integrating 
the  pressure  gage  records  in  space  and  time  as  a  check  on  the  contribution  of  late¬ 
time  blast  effect  to  impulse.  The  most  meaningful  comparison  is  for  pendulum  data 
obtained  using  the  l-co  pendulum  and  1-cm  diameter  laser  spot.  In  making  this 
comparison,  it  is  Important  to  note  that  the  pendulum  area  (l-cm-diameter  circle)  is 
larger  than  the  area  of  the  active  element  of  the  pressure  gage  (0.4-cm  square); 
consequently,  the  spatial  variation  in  Impulse  Intensity  (the  Impulse  intensity  is 
lower  near  the  spot  edge)  will  tend  to  lower  the  Impulse  measured  by  the  pendulum 
with  respect  to  Impulse  calculated  from  the  gage  data.  At  Che  same  time,  late-time 
blast  effects  will  tend  to  make  the  pendulum  reading  higher  than  che  Integral  of  the 
pressure  record  (one  of  the  effects  we  are  looking  for).  As  a  result,  our 
conclusions  must  be  tentative.  However,  comparing  che  data  in  Tables  2  and  3  shows 
that  the  Integral  of  the  pressure  histories  is  about  10  to  20Z  less  than  the  Impulse 
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Figure  13.  Peak  pressure  as  a  function  of  flux  for  aluminum  targets. 

Expected  relationship  based  on  past  theory  and  experiments 
is  shown  for  comparison. 
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intensities  measured  with  the  pendulum*.  This  indicates  that  the  contribution  of 
late- time  impulse  to  total  impulse  is  a  least  10  to  20%  of  the  total  impulse. 

Past  experiments  and  analyses  of  in-air  coupling  can  be  used  with  the  current 
data  to  obtain  a  better  estimate  of  the  the  contribution  of  late-time  impulse.  In 
Reference  8,  prompt  impulse  intensity  was  measured  as  a  function  of  distance  from 
the  center  of  the  laser  spot.  Within  the  laser  spot  and  to  a  first  approximation, 
impulse  Intensity  varied  inversely  with  spot  radius  so  that 


I  -  I0  (1  -  Ar/R0) 


where  I0  is  the  impulse  intensity  at  the  spot  center,  r  is  the  radial  coordinate,  R 
is  the  spot  radius,  and  A  is  a  constant  of  proportionality  and  has  values  between 
0*2  and  0*4* 


Similar  estimates  were  obtained  for  impulse  intensity  distribution  through 
analysis  in  Reference  5  where  it  was  shown  that  A  depends  on  laser  pulse  duration* 
For  pulse  lengths  approximately  equal  to  the  spot  radius  divided  by  the  local  sound 
speed  in  the  plasma,  A  was  found  to  be  0*4* 

Assuming  a  value  of  A  of  0*4,  the  impulse  intensity  measured  by  the  gage  (1^) 
would  be 


I 

g 


2k  I 


*  R 


+  3R  (V 


3 


or  for  an  effective  gage  radius  of  2*4  mm: 


0.87  t0 


Similarly,  Che  Impulse  Intensity  measured  by  the  pendulum  (Ip)  Is 


Ip  "  °*73  lo 

thus  I  /I  should  be  1.2  If  there  were  no  contribution  from  late-tlme  Impulse  In  the 
8  P 

*For  example,  for  shots  6128-6131  (Table  2)  the  pressure  gage  data  give 
an  average  Impulse  Intensity  of  52  Pa-s  at  an  average  pulse  energy  of 
199  J;  for  shots  6118,  6119  and  6153  (Table  3)  the  pendulum  data  give  ua 
average  Impulse  Intensity  measured  over  the  pendulum  of  59.4  Pa-s  at  an 
average  pulse  energy  of  186  J. 
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pendulum  measurement.  Because  lg/Ip  in  the  experiments  was  actually  about  0.85,  we 
conclude  that  the  total  contribution  of  late-time  impulse  within  the  total  laser 
spot  is  about  40%.  The  implication  is  that  pendulum  measurements  will  tend  to  cause 
overestimates  in  structural  damage  unless  a  correction  is  made  for  pulse  shape 
because  the  late-time  impulse  measured  by  the  pendulum  wuld  not  contribute  to 
structural  response. 

The  analysis  of  these  experiments  by  S-Cubed  (Reference  7)  points  to  other 
effects  that  can  alter  late-time  impulse.  Specifically,  it.  was  found  that  the 
expansion  of  the  plasma  and  air  engulfed  in  the  surrounding  blast  wave  can  produce  a 
period  of  negative  gage  pressure  that  reduces  the  pendulum  measurement  of  impulse. 
This  period  of  reduced  pressure  would  occur  between  50  and  500  ps  in  the  laboratory 
experiments  according  to  the  S-Cubed  model  of  the  expansion  process.  It  would  thus 
occur  long  after  structural  response  is  completed  on  full-scale  targets,  but  it 
would  still  influence  the  results  of  the  pendulum  measurements  described  here. 
Examination  of  the  calculations  in  Reference  7  shows  that  the  reduction  in  measured 
impulse  increases  with  the  ratio  of  pendulum-to-spot  diameter  and  decreases  with 
increasing  laser  pulse  energy.  For  the  most  common  test  conditions  used  (that  is, 
spot  diameters  equal  to  the  pendulum  diameter  and  pulse  energies  greater  than 
100  J) ,  the  estimated  effect  on  impulse  was  less  than  5%  and  thus  does  not  affect 
our  previous  calculation  of  prompt  impulse. 

Although  the  period  of  reduced  pressure  suggested  by  the  analytical  model 
proposed  in  Reference  7  had  little  effect  in  our  experiments,  we  looked  further  for 
its  influence  in  those  experiments  in  which  the  pendulum  diameter  was  larger  than 
the  laser  spot  diameter.  In  all  the  pendulum  measurements,  a  continuous  record  was 
made  of  the  displacement-time  history  from  the  beginning  of  the  laser  pulse  to  times 
as  long  5  ps.  A  typical  record  is  shown  in  Figure  15  where  the  laser  beam 
diameter  was  1  cm  and  the  pendulum  diameter  was  2  cm.  Calculations  in  Reference  7 
indicate  that  an  offset  of  20%  might  be  expected  for  this  record*.  Because  the 
slope  of  the  displacement-time  history  at  any  time  is  the  current  total  impulse, 
this  record  should  show  the  effect  anticipated  in  Reference  7  as  an  offset  in  the 
displacement-time  history  near  the  origin  (between  0  and  0.2  ms).  The  amount  of 
offset  is  proportional  to  the  Integral  of  the  actual  Impulse  to  the  current  time 
minus  the  product  of  the  average  total  impulse  times  the  current  time.  The  20% 


*Based  on  Figure  "*.2.20  (Rp  -  2  cm;  E  ■  115  J)  in  Reference  7. 
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Figure  15.  Pendulum  displacement-time  history  for  Shot  6156. 
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offset  Indicated  in  Figure  15  is  difficult  to  measure  from  the  record  and  may  be  due 
to  other  effects  in  the  measurement.  However,  these  records  do  not  'jule  out  the 
effect  postulated  in  Reference  7  and  suggest  that  more  precise  pendulum  measurements 
may  be  able  to  detect  it. 

3.3  CONCLUSIONS  FROM  THE  IN-AIR  EXPERIMENTS. 

The  pressure  measurement  series  for  in-air  coupling  provides  a  self- 
consistent  picture  of  in-air  coupling.  However,  the  pressure  records  do  not  fit 
well  with  past  theories  of  laser-supported  detonations  because  the  measured  peak 
pressures  are  too  low.  A  further  Implication  of  the  current  measurements  is  that 
there  is  a  significant  contribution  to  total  impulse  from  late-time  effects.  This 
means  that  impulse  data  obtained  with  pendulums  should  be  used  with  caution  when 
projecting  weapons  effects,  and  future  impulse  measurements  should  include  some 
pressure  history  or  impulse  evolution  measurements  to  correctly  measure  the  prompt 
impulse. 
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SECTION  4 


IN-VACUUM  COUPLING  MEASUREMENTS 

Coupling  measurements  in  a  vacuum  were  obtained  at  the  Scale-Up  Laser  Facility 
at  Avco  Everett  Research  Laboratory  in  Everett,  Massachusetts.  The  Avco  scale-up 
laser  was  operated  using  XeF  as  a  lasing  medium,  resulting  in  primary  wavelengths  of 
3.532  pm  and  3.511  pm.  For  this  experiment  series  the  laser  beam  was  directed 
through  an  aperture  to  give  a  circular  spot  (8  mm  or  12.4  mm  in  diameter)  of  very 
uniform  intensity  and  sharply  defined  edges.  Targets  were  located  in  front  of  the 
focus  of  the  beam,  and  spot  diameter  was  adjusted  by  moving  the  target  with  respect 
to  the  focal  point.  Instrumentation  for  each  shot  included  a  measurement  of  the 
total  beam  energy  and  the  temporal  variation  in  flux.  In  separate  experiments,  Avco 
measured  the  spatial  variation  of  fluence  within  the  beam.  Figure  16  is  an  example 
of  the  temporal  variation  of  flux  in  the  beam,  and  Figure  17  is  an  example  of  the 
spatial  variation  of  fluence  in  the  beam.  As  shown  in  Figure  16,  the  nominal  pulse 
duration  was  1.5  Ps  (full  width  at  half  maximum)  in  these  experiments. 

All  the  tests  in  this  series  were  performed  in  a  vacuum  tank.  For  most  of  the 
tests,  the  pressure  in  the  tank  was  about  5  torr  for  reasons  that  are  explained 
later.  Comparison  of  impulse  data  taken  at  5  torr  ambient  pressure  and  data  taken 
at  less  than  1  torr  ambient  pressure  indicated  that  the  coupling  did  not  change  over 
this  range  of  pressure.  In  addition,  examination  of  target  surfaces  also  indicated 
that  target  damage  did  not  change  over  this  range  of  ambient  pressures.  However,  at 
5  torr,  the  burn  patterns  on  aluminum  targets  did  show  a  ring  of  soot  that  was  not 
present  at  lower  pressures.  Figure  18  shows  a  burn  pattern  taken  under  these 
conditions.  This  pattern  also  illustrates  the  uniformity  and  circularity  of  the 
beam. 

Seven  data  shots  were  performed  in  the  in-vacuum  test  series.  In  addition, 
about  ten  shots  were  used  to  solve  noise  and  other  instrumentation  problems,  which 
were  considerable.  Some  of  these  problems  arose  from  the  electrical  and  magnetic 
environment  in  the  laser  facility,  but  one  additional  problem  was  a  result  of  the 
in-vacuum  coupling  process  and  the  measurement  electronics.  This  problem  arises  as 
an  artifact  of  the  coupling  process  and  Is  Illustrated  In  Figure  19.  Uhen  the  laser 
beam  strikes  and  vaporizes  the  target  surface,  the  plasma  leaves  the  surface  at  high 
velocity.  The  lighter  elemente  In  the  plasma,  Including  electrons,  move  faster  than 
the  heavier  elements,  which  include  many  positively  charged  Ions.  This  "charge 
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Figure  18.  Bum  pattern  on  gage  package  surface. 
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Figure  19. 


Charge  separation  problem. 


separation"  produces  a  strong  electric  field  and  charge  in  the  target,  and  caused 
large  shifts  in  the  gage  readings  during  some  experiments. 

Because  of  the  time  constraints  in  the  experiments,  we  were  unable  to  alter  the 
electronics  to  offset  the  charge  separation  effect.  However,  we  found  that  this 
effect  could  be  eliminated  by  raising  the  pressure  around  the  target  to  about  3 
torr.  Apparently,  the  small  amount  of  air  near  the  target  was  sufficient  to 
eliminate  the  charge  separation  or  provide  a  current  path  to  short-circuit  the 
charge . 

An  additional  problem  that  was  never  fully  eliminated  was  the  presence  of 
electromagnetic  noise  produced  by  the  laser  at  the  beginning  and  end  of  the  laser 
pulse.  This  noise  caused  the  pressure  records  to  blur,  as  recorded  on  oscilloscope 
cameras.  This  blurring  gave  rise  to  some  uncertainty  in  the  pressure  records  from  0 
to  0.5  ns  and  from  1.5  to  2.5  ps.  Blurred  portions  of  the  pressure  records  shown 
below  are  indicated  by  a  dashed  line. 

4.1  PRESSURE  MEASUREMENTS. 

The  pressure  data  obtained  in  the  Avco  in-vacuum  experiments  are  shown  in 
Figures  20  through  23.  The  data  shown  in  Figures  20  through  22  are  for  targets  with 
aluminum  cover  plates,  whereas  the  pressure  record  shown  in  Figure  23  is  for  an 
aluminum  cover  plate  with  a  0.25-nm  coating  of  Epon  828  epoxy.  Examination  of  the 
pressure  records  shows  that  in  the  case  of  the  aluminum  targets,  the  pressure 
history  has  a  shape  similar  to  the  incident  laser  pulse.  In  all  the  experiments 
there  was  some  ambiguity  in  the  pressure  record  after  the  laser  pulse  stopped,  due 
to  electrical  noise  from  the  laser.  This  region  usually  occurs  between  1.5  and 
2.5  ps.  In  those  records  where  the  pressure  trace  was  lost,  no  indication  of 
pressure  history  is  given.  In  those  records  where  the  pressure  history  was  recorded 
but  showed  significant  noise,  the  average  of  the  noisy  signal  is  indicated  by  a 
dashed  line.  Some  pressure  records  also  showed  noise  at  the  beginning  of  the  trace 
as  indicated  by  a  dashed  line  at  early  times. 

The  pressure  record  obtained  using  the  epoxy  coated  target  (Figure  23)  has  a 
much  different  appearance  from  the  records  obtained  using  uncoated  aluminum 
targets.  In  this  experiment,  the  pressure  history  was  characterized  by  a  step, 
followed  by  a  long  decay.  This  type  of  pressure  history  is  characteristic  of  an  LSD 
plasma  ignition.  Examination  of  the  target  after  the  experiment  showed  that  all  the 
epoxy  in  the  laser  spot  was  removed  during  the  experiment,  either  through  shock  or 
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Figure  20.  Stress-time  history  for  Shots  9-12-1 1  and  9-13-2. 

(Dashed  lines  represent  blurred  portions  of  the 
pressure  records.) 
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Figure  21.  Stress-time  history  for  Shots  9-13-4  and  9-14-1. 

(Dashed  line  represent::;  blurred  portion  of  the 
pressure  record.) 
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Figure  22.  Stress-time  history  for  Shots  9-14-4  and  9-14-7. 
(Dashed  lines  represent  blurred  portions  of  the 
pressure  records.) 


Figure  23.  Stress-time  history  for  Shot  9-14-8  using  epoxy-coated 
8061-T6  aluminum.  (Dashed  lines  represent  blurred 
portions  of  the  pressure  records.) 
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thermal  damage.  Based  on  the  pressure  record  taken  during  the  experiment,  It 
appears  that  the  laser  pulse  vaporized  more  of  the  epoxy  layer  In  this  experiment 
than  It  did  aluminum  in  the  bare  aluminum  experiments.  This  blowoff  formed  an 
absorbing  plasma  that  mimlced  the  LSD  wave  response  recorded  in  the  in-air 
experiments. 

The  data  from  the  Avco  in  vacuum  experiments  are  given  in  Table  4.  Peak  fluxes 
shown  in  the  data  were  calculated  from  the  spatially  averaged  recorded  flux  and  the 
nominal  spot  area  based  on  the  spot  diameter  listed  in  the  table.  Impulse 
intensities  in  the  table  were  calculated  from  the  areas  under  the  pressure-time 
history  curves  from  time  zero  or  the  first  positive  pressure  indication  to  the  time 
the  trace  ends  or  becomes  blurred  (a  dashed  line  in  the  "igures).  Thus,  the  impulse 
intensity  values  are  not  evaluated  over  a  constant  time  interval  because  of  the 
varied  durations  of  the  pressure-time-history  data. 

Figures  24  and  25  show  peak  pressure  as  a  function  of  peak  flux  and  impulse 
intensity  as  a  function  of  pulse  energy,  respectively.  Both  figures  show  a  good 
deal  of  scatter,  especially  the  impulse-intensity  data.  The  peak  pressure  data 
(Figure  24)  indicate  that  peak  pressure  increases  by  about  a  factor  of  5  when  the 
laser  flux  is  increased  by  about  a  factor  of  3.  The  impulse-intensity  data  indicate 
a  similar  strong  sensitivity  to  pulse  energy.  These  trends  are  difficult  to 
determine  more  accurately  because  of  the  limited  range  of  fluxes  and  energies 
accessible  during  the  experiments. 

4.2  CONCLUSIONS  FROM  THE  IN-VACUUM  EXPERIMENTS . 

The  data  from  the  in-vacuum  coupling  experiments  show  the  general  character¬ 
istics  expected  of  coupling  due  to  target  vaporization.  With  the  exception  of  the 
epoxy-coated  aluminum  target,  the  pressure  histories  measured  in  the  experiments 
have  the  shape  of  the  incident  laser  flux  history,  indicating  that  the  rate  of  mass 
removal  and  blowoff  velocity,  and  hence  surface  pressure,  vary  directly  with 
incident  flux.  Peak  pressures  measured  in  the  experiments  also  vary  with  incident 
flux  but  show  significant  scatter.  Peak  pressures  show  a  sharp  Increase  with 
increasing  flux  at  fluxes  above  10°  W/cm  . 

Because  of  the  difficulties  experienced  with  electromagnetic  noise  during  the 
experiments,  the  impulse  intensities  found  by  integrating  the  pressure-time 
histories  also  show  significant  scatter.  Impulse  intensities  increase  sharply  with 
increasing  fluence  at  fluences  of  about  400  J/cm.  Coupling  coefficients  found  by 
integrating  the  pressure-time  histories  ranged  from  0.25  to  1.5  dyne-s/J. 
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Table  4.  Summary  of  data  from  the  in-vacuum  experiments. 


Shot 

Target 

Energy 

_LJ) 

5  pot 

imeter 

(mm) 

Peak 

Flux 

W/cor 

Peak 

Pressure 

(bar) 

Impulse 

Intensity 

(taps) 

9-12-11 

AJL 

204 

8.0 

3.2  x 

I-* 

o 

00 

550 

590 

9-13-2 

Al 

210 

8.0 

3.3  x 

o 

00 

560 

500 

9-13-4 

Al 

241 

8.0 

3.8  x 

108 

440 

340 

9-14-1 

Al 

209 

8.0 

3.3  x 

CO 

o 

r-H 
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Figure  24.  Peak  pressure  as  a  function  of  flux. 
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